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Foreword

This report documents the BES Engineering Research Program for fiscal year 1993; it
provides a summary for each of the program projects in addition to a brief program
overview. The report is intended to provide staff of Congressional committees, other
executive departments, and other DOE offices with substantive program information so as
to facilitate governmental overview and coordination of Federal research programs. Of
equal importance, its availability facilitates communication of program information to
interested research engineers and scientists. The organizational chart for the DOE Office
of Energy Research (OER) on the next page delineates the six Divisions within the OER
Office of Basic Energy Sciences (BES). Each BES Division administers basic, mission
oriented research programs in the area indicated by its title. The BES Engineering
Research Program is one such program; it is administered by the Engineering and
Geosciences Division of BES. Dr. Oscar P. Manley is technical manager of the
Engineering Research Program; inquiries concerning the program may be addressed to
him, in writing or by phone at (301) 903-5822.

In preparing this report we asked the principal investigators to submit summaries for their
projects that were specifically applicable to fiscal year 1993. The summaries received have
been edited if necessary, but the press for timely publication made it impractical to have
the investigators review and approve the summaries prior to publication. For more
information about a given project, it is suggested that the investigators be contacted
directly. ‘
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Introduction

The individual project summaries follow the program overview. The summaries are
ordered alphabetically by name of institution and so the table of contents lists all the
institutions at which projects were sponsored in fiscal year 1993.

The projects are numbered sequentially for individual identification in the indexes. Each
project entry begins with an institutional-departmental heading. The names of investigators
are listed immediately below the title. The funding level for fiscal year 1993 appears to
the right of title; it is followed by the budget activity number (e.g., 01-A). These numbers
categorize the projects for budgetary purposes and the categories are described in the
budget number index. The fiscal year in which either the project began or was renewed
and the anticipated duration in years are indicated respectively by the first two and last
digits of the sequence directly below the budget activity number (e.g., 90-3). The summary
description of the project completes the entry.



Program Review
BES Engineering Research

The BES Engineering Research Program is one of the component research programs which
collectively constitute the DOE Basic Energy Sciences Program. The DOE Basic Energy
Sciences program supports energy related research in the physical and biological sciences,
and in engineering. The chief purpose of the DOE Basic Energy Sciences Program is to
provide the fundamental scientific base on which identification and development of future,
national energy options will depend. The major product of the program becomes part of
the body of data and knowledge upon which the applied energy technologies are founded;
the product is knowledge relevant to energy exploration, production, conversion and use.

The BES Engineering Research Program was started in 1979 to help resolve the numerous
serious engineering issues arising from efforts to meet U.S. energy needs. The program
supports fundamental research on broad, generic topics in energy related engineering topics
not as narrowly scoped as those addressed by the shorter term engineering research projects
sponsored by the various DOE technology programs. Special emphasis is placed on
projects which, if successfully concluded, will benefit more than one energy technology.
During the first year several workshops were sponsored for the purpose of identifying
energy related engineering research needs and initial priorities. Representatives from
industry, academic institutions, national laboratories, and leading members of professional
organizations (Engineering Societies Commission of Energy, American Society of
Mechanical Engineers, Society of Automotive Engineers, and Joint Automation and Control
Committee) participated in the workshops. In addition to the participants in the workshops,
staff representatives from the DOE technology programs and other leading U.S. energy
engineering experts made significant contributions to the setting of program priorities.
There resulted from this process a strong confirmation of the need for a long range,
fundamental engineering research program with two major goals. The broad goals that
were established by this process for the BES Engineering Research Program are:

1) To extend the body of knowledge underlying current engineering practice so as to
create new options for enhancing energy savings and production, for prolonging useful
equipment life, and for reducing costs without degradation of industrial production and
performance quality; and

2) To broaden the technical and conceptual base for solving future engineering problems
in the energy technologies.
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In this process, it was further established that to achieve these goals, the BES Engineering
Research Program should address the following topics identified as essential to the progress
of many energy technologies:

1) Advanced Industrial Technology: improvement of energy conversion and utilization,
opening new technological possibilities, and improvement of energy systems.

2) Fluid Dynamics and Thermal Processes: broadening of understanding of heat transfer
in nonsteady flows, methodology for reducing vibrations and noise in heat exchangers, and
engineering aspects of combustion.

3) Solid Mechanics: continuum mechanics, fracture mechanics, thermomechanical
behavior in severe environments, aging & lifetime reliability of structures.

4) Dynamics and Control of Processes and Systems: development and use of information
describing system behavior (system models), performance criteria, and theories of control
optimization to achieve the best possible system performance subject to known constraints.

A Scoping Workshop held in December, 1985 confirmed the continued needs for research
in these topical areas. Because of budgetary limitations, the implemented BES Engineering
Research Program is somewhat less broad than the program envisioned above. At present,
equal emphasis is being placed in three carefully selected, high priority research areas;
namely,

1) Mechanical Sciences including fluid mechanics (multiphase flow and turbulence) heat
transfer, and solid mechanics (continuum mechanics and fracture mechanics).

2) System Sciences including process control and instrumentation.

3) Engineering Analysis including nonlinear dynamics, data bases for thermophysical
properties of fluids, modeling of combustion processes for engineering application, and
foundations of bioprocessing of fuels and energy related wastes.

These areas contain the most critical elements of the four topics enumerated above; as such
they are of importance to energy technologies both in the short and long term, and
therefore of immediate programmatic interest. It should be noted that other areas of basic
research important to engineering are monitored elsewhere in BES. For instance,
separation sciences and research on thermophysical properties are among the
responsibilities of the Chemical Sciences Division, while microscopic aspects of fracture
mechanics are in the domain of the Material Sciences Division. As resources permit, other
high priority areas are being added to the Engineering Research Program. Thus, as a result
of previous growth in the program budget an important development took place in the
Engineering Research Program: two major concentrations of research were initiated.



First, a new program was orgamzed at Oak Ridge Natlonal Lab dealing with intelligent
machines in an unstructured environment. Some resources are.available for coordinated,
more narrowly focussed, related, high quality research at universities and other research
centers. All such activities are supported and administered directly by the Engineering
Research Program, but some coordination of efforts with the ORNL program may prove
useful.

Secondly in FY 1985, a collaborative research effort was started between MIT and Idaho
National Engineering Lab. At present, the collaboration is in three distinct areas: Plasma
Process Engineering, Automated Welding, and Fracture Mechanics. Collateral, high quality
research efforts at other institutions are supported by the Engineering Research Program.

In the expectation of a future modest growth of this Program, two International Workshops
on Two Phase Flow Fundamental were held one in September 1985 and the other in
March, 1987. The meetings were used to identify basic research needs in the field of two
phase flow and heat transfer; summary reports of the workshops are available from the
Program Office. The proceedings of the two workshops have been published as volumes
in the series "Advances in Heat and Mass Transfer" (Hemisphere Publishing Company).
A third international workshop held in June 1992 surveyed the status of the field. The
proceedings will be published by CRC Publishing Company.

Two additional workshops were held during 1988. The first dealt with possible research
opportunities in the field of novel devices using the new high temperature superconductors.
The second addressed research needs for bioprocessing of fuels and energy related wastes.
Reports of both workshops have been published. Additional funds have been provided in
FY 1992 to initiate research in the above mentioned bioprocessing area. Of interest are
relevant studies at the intersection of biology, biochemistry, and chemical engineering.

Another workshop aimed at identifying research opportunities to mitigate the effects of
aging in energy production and distribution systems took place in October 1992. The
proceedings have appeared in Applied Mechanics Reviews.

It should be mentioned too, that some very limited support is available for research on
large scale systems. A report of a workshop on needs, opportunities, and options in this
field is available from Professor G.L. Thompson, Graduate School of Industrial
Administration, Carnegie-Mellon University, Pittsburgh, PA 15213. Also there is some
interest in addressing the basic foundations of advanced manufacturing processes. In this
context 24 three-year doctoral fellowships administered by National Academy of Science
and National Research Council have been sponsored.

Research projects sponsored by the BES Engineering Research Program are currently
underway at universities, private sector laboratories, and DOE national laboratories. In
fiscal year 1993 the available program operating funds available amounted to about $16.2
million. The distribution of these funds among various institutions and by topical area is



illustrated on the next page. Project funding levels are mostly in the range of $50,000 to
$150,000 per year. Typical duration of a project is three to four years, with some projects
expected to last as long as ten years or more. The BES Engineering Research projects
stem almost without exception from grant applications. Applications which anticipate
definite results in less than two years are usually referred to the appropriate DOE
technology program for consideration. All those interested in submitting a proposal are
encouraged to discuss their ideas with the technical program manager prior to submission
of a formal proposal. Such discussion helps to establish whether or not a potential project
has a reasonable chance of being funded. The primary considerations for possible support
are the technical quality of the proposal and the professional standing of the principal
investigators and staff. An effort is made to attract first rate, younger research engineers
and energy oriented applied scientists. A high technical caliber of research is maintained
by requiring that the projects supported have potential for a significant contribution to
energy related engineering science, or for an initial contribution to a new energy relevant
technology. Sponsored projects are selected primarily for their relevance to DOE mission
requirements; the contribution to energy related graduate education is an important
consideration. Thus projects sponsored at universities are essentially limited to advanced
theoretical and experimental studies usually performed by faculty members, staff research
scientists, and doctoral candidates.



ENGINEERING RESEARCH PROGRAM

FY ’93 BUDGET ($000’s)
BY INSTITUTIONAL TYPE

NATIONAL

LABORATORIES
27.3%
$4420

(17 Projects)

UNIVERSITIES
62.4%
$10103

(93 Projects)

OTHER
10.3%
$1678

(10 Projects)

ENGINEERING RESEARCH PROGRAM

FY 93 BUDGET
BY TECHNICAL AREAS
($000's) % NUMBER OF PROJECTS
MECHANICAL SCIENCES 5329 32.9 51
SYSTEMS SCIENCES 4573 28.2 22
ENGINEERING ANALYSIS 6300 38.9
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University Of Alabama

Dept of Mathematics $54,123
Tuscaloosa, AL 35487 01-C
91-3

Hydrodynamic |nstabiﬁties and Coherent
Structures
A. Frenkel

The objective of this research is to further the
fundamental understanding of stability properties
of several far-from-equilibrium fluid systems which
are relevant to energy engineering sciences. In
particular, flows periodic in space and possibly in
time are studied as models to gain insights into
such turbulence phenomena as large-scale
coherent structures, eddy viscosity, and the
inverse cascade of energy. Film flows - such as
core-annular ones - are important to, e.g.,
lubricated pipelining of viscous oils. The
large-scale evolution equations for the different
systems may exhibit common features, such as
pattern formation and coherent structures.
Secondary instabilities of nonlinear waves in liquid
films can be studied with methods developed for
periodic flows.

Some of the results are as follows: A rigorous
iterative method was found for the problems of
periodic-flow stability. The possibility of negative
isotropic eddy viscosity was demonstrated,
resolving a rather long-outstanding question.

For film flows, a perturbative method capable of
yielding both the evolution descriptions and the
parametric conditions of their validity was
suggested. A highly nonlinear evolution equation
for large-amplitude regimes of a wavy flow was
obtained. Its numerical simulations yielded an
excellent agreement with experiments. In addition,

it revealed interacting coherent structures with rich -

and unique dynamics.

Some fundamental questions concerning
commonly used perturbative approaches were
clarified. = Certain deficiencies of well-known
evolution equations were pointed out.

Argonne National Laboratory

Energy Technology Division $134,000
Argonne, I 60439 01-A
90-3

Chaos in Fluid-Structure Systems
S. Chen

Energy systems have had a history of dynamic
structural instabilities caused by fluid flow resulting
in costly component repair and replacement and
loss of energy production. Integrated theoretical
and experimental studies are being performed to
enhance the understanding of nonlinear
oscillations and dynamic instability phenomena
involving both fluids and solid structures and their
coupling. The objectives are to contribute to the
explanation of observed phenomena, providing
insights into chaotic characteristics of such
coupled mechanical systems and ultimately, to the
solution of engineering design problems. This is
a cooperative research program with Professor F.
Moon at Comell University.

Fluidelastic instability of loosely supported tubes,
vibrating in a tube support plate-inactive mods, is
suspected to be one of the main causes of tube
failure in some operating steam generators and
heat exchangers. As a vehicle to understand the
nonlinear behavior of fluid-structure systems,
fluidelastic instability of loosely supported. tube
arrays in crossflow is being studied in detail. A
series of tube arrays with a motion-limiting stop
configuration are being tested to investigate
various response characteristics and a
mathematical model based on the unsteady flow
theory has been developed to predict the response
characteristics of this classical fluid-structure
system. Other fluid-structure systems, such as
coupled stack/wire dynamics due to wind
excitations, are also being investigated. Analytical
results and experimental data agree fairly well.

Tests and analysis of tube amrays are being
continued. One of the key elements is the motion-
dependent fluid forces which will be measured
using the existing water channel with an emphasis
on the nonlinear behavior. Specific topics to be
addressed include interaction between flow field
and oscillating structures, mathematical models
and instability mechanisms, and intelligent control
of fluid/structure systems. Experimental efforts are
focused on characterizing and controlling chaos.
and validating analytical models.

Engineering Research

1993



Argonne National Laboratory

Reactor Engineering Division $137,000
Argonne, IL 60439 01-A
90-3

Bounds on Dynamic Plastic Deformation
C. Youngdahl

Analytical studies are being performed to develop
methods for approximating or bounding the
dynamic plastic deformation of structures. In
many applications where the load is transmitted to
the structure through a fluid, details of the load
history and spatial distribution significantly affect
the final plastic deformation. The objective of the
program is to devise mode approximation methods
and load correlation parameters which can be
used to predict the final deformed shape and
characterize the effects of the load without
resorting to detailed numerical analyses. These
approximation methods have three important uses:
to perform design and safety analyses of
structures over a wide range of design variables
and loadings; to validate computer programs which
have a nonlinear dynamic plasticity capability. and
to correlate experimental simulations with actual or
predicted events.

Mode approximation methods and load correlation
parameters are hypothesized and their usefulness
in predicting final plastic deformation s
determined..  Optimum modes have been
detemined for the dynamic plastic deformation of
simply-supported, clamped, and cantilevered
beams made of a rigid, strain hardening material.
The modes are expressed in terms of amplitude
and plastic zone size functions which are
determined for arbitrary loadings by the numerical
solution of sets of coupled, non-linear differential
equations. Computational times are of the order
of seconds rather than the hours usually spent on
“dynamic plasticity problems.

University of Arizona

Aerospace & Mechanical Eng $136,301
Tucson, AZ 85721 01-B
93-3

Film Cooling in a Pulsating Stream
I. Wygnanski

This project will deal with heat transfer to or from
an isothermal surface whose temperature will be
either hotter or colder than the jet temperature.
The jet temperature, on the other hand, might be
equal to or different from the ambient temperature.
This will help us to separate the coherent
structures which are affected by the heat flux from
the surface from the coherent structures which are
affected by the heat flux occurring between the jet
and the ambient stream (i.e. in the outer mixing
layer). The wall jet will flow over a thick
conducting plate placed above a constant
temperature reservoir which might be either hotter
or colder than either the jet or the ambient fluid.
Measurements of turbulent heat flux in the
direction normal to the plate will be accomplished
with a combination of hot-wire anemometers and
miniature thermocouple sensors (effective
diameters 0.003 in.), or by a combination of cold-
wire (resistance) anemometers and PIV (Particle
Image Velocimeter).

We shall start the study with the unheated jet
flowing over a heated surface thus the flow will
never attain a thermal equilibrium with the surface.
Whenever the wall and the ambient stream are at
the same temperature but the jet emerges from
the nozzle at a different temperature the flow
might approach an equilibrium far downstream due
1o the finite heat flux from the nozzle. We propose
to initiate an investigation in the absence of an
extemal stream and we shall add a relatively weak
extemal stream soon thereafter. Forcing the flow
uniformly across the span at a single frequency
will provide a well-defined correlation between the
large spanwise eddies and heat transfer.

Engineering Research
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The first step in each investigation will cover the
Reynolds averaged quantities for the unperturbed
flow. This will include temperature ranges which
will alter the mean flow characteristics through the
nonlinear coupling between velocity and
temperature fluctuations while keeping the
boundary conditions at the wall and at infinity well
defined (i.e. constant). It will enable us to validate
our experimental techniques and our numerical
codes as well as some of the conventional models
used. We may also consider the major instability
mechanisms of such flows in order to establish the
forcing parameters needed as inputs to the second
stage (the main stage) of the investigation. It will
be useful to consider the relative significance of
the secondary instabilities and the non planar
modes as their relevance may be altered by the
addition of heat. (We only recently discovered that
the plain, unforced, turbulent incompressible wall-
jet contains two, nonlineary coupled modes of
instability. Both must be considered- in any
attempts to understand and control the wall jet).
Woe will then force the flow by providing velocity
oscillations emanating from the plenum chamber
and later we may attempt to force the flow by
using oscillatory heating thus altering the forcing
between velocity and temperature fluctuations.

Arizona State University

Mechanical & Aerospace Eng $50,000
Tempe, AZ 85287 01-A
92-4

Contiuum Damage Mechanics - Critical States
D. Krajcinovic

The objective of this research project is to
determine the critical states of brittle solids
weakened by a large number of microcracks. This
objective is pursued using the methods of applied
mechanics, themodynamics and statistical
physics. The thermodynamic studies of the loose
bundle parallel bar model were used to define
possible expressions for damage vanables and
conjugate forces. The failure criterion was derived
in fom of a generalized Giiffith’s criterion. A
distinction was made between the force controlled
processes, in which the failure is a second order
phase transition, and the displacement controlled
processes. Universal character of scaling laws
and percolation thresholds is guaranteed only in
the first case.

Another task was to determine the scaling law for
the effective stiffness of a two-dimensional
continuum weakened by a random distribution of
rectilinear slits. The solution was derived (within
the node-link-blob. model) for the elastic and
elasto-plastic ‘materials using the exact stress
fields at the crack tip. A rather careful search of
the literature indicates this to be the first solution
for the elasto-plastic solid.

Battelle Memorial Institute

Engineering Mechanics Dept $94,027
Columbus, OH 43201-2693 01-A
90-3

An Investigation of History Dependent
Damage In Time Dependent Fracture
Mechanics

F. Brust, Jr.

The goal of this research is to study the high-
temperature damage and failure processes and to
further develop a method for predicting this
behavior in an effort to increase structural life. In
particular, we focus on time-dependent damage
which occurs under history-dependent loading
conditions, i.e. transient conditions.

The approach taken here is to combine
experimental studies of both sustained-load and
variable-load creep with careful analytical studies.
To date, eight crack-growth tests on both a
stainless steel and a 9CRMo steel have been
performed. These time dependent crack-growth
specimens were subjected to carefully chosen
load-history spectrums so that different crack-
growth histories were obtained. The implications
of using classical creep constitutive theories
(Norton, strain hardening) to predict the behavior
were ascertained. In addition, the use of various
integral parameters to characterize the crack tip
phenomena were developed and evaluated.

It was clearly shown that constitutive laws such as
Murakami-Ohno Krempl-type laws must be used in
order to adequately predict the response. Most
importantly, recently it has been shown that new
energy-based integral parameters can characterize
the crack- growth behavior of the test specimens
subjected to complex history-dependent loading.
In addition, they can predict crack nucleation.
Classical methods based upon rate-type
asymptotic parameters developed from simple
constitutive theories break down.

Engineering Research
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University Of California/B

Dept ot Electrical Engineering $184,369
& Computer Sciences 06-C
Berkeley, CA 94720 93-3

Dynamics of Electronegative Plasmas for
Materials Processing
A. Lichtenberg, M. Lieberman

The purpose of this project is to study electron
heating mechanisms in radio frequency (r.f.)
discharges. These discharges are used
extensively by industry for surface modification of
electronic and mechanical materials. In addition to
the usual r.f. ohmic heating in the plasma interior,
it has been found theoretically that stochastic
heating at the plasma surface arising from
successive decorrelated reflections of electrons
with the oscillating sheath plays a major role. The
efficiency of stochastic heating depends on the
detailed sheath dynamics.

The sheath dynamics have been measured and
related to the predicted stochastic heating for a
plane parallel argon discharge. The measured
results, together with related plasma simulations,
have been used to construct better predictive
models of discharge behavior and parameter
scaling. It has been found for a low pressure
discharge at 3 mTorr, power of 100 watts, and
frequency of 13 MHz,95% of the electron heating
is predicted to occur stochastically.

Stochastic heating can be enhanced with a
resonant helical discharge structure. This
geometry is of importance for materials processing
applications in that it may be operable at very low
pressure (<1 mTorr). Studies of stochastic heating
and detemination of equilibium plasma
parameters have been made in argon and
nitrogen, with good agreement between theory and
experimemnt.

University Of California/B

Dept of Mechanical Engineering $120,603
Berkeley, CA 94720 01-B
92-3

Thermal Radiation and Conduction in
Microscale Structures
C.-L. Tien

The general objective of this research program is
to achieve a better understanding of the
fundamental mechanisms of themmal radiation and
heat conduction in microscale structures
commonly encountered in engineering
applications. Specifically, the program includes
investigations of radiative heat transfer in thin
films, conductive heat transfer in quantum well
laser, and short-pulse laser-material interactions.

A combined analytical and experimental research
program on radiative interactions with
microstructures has been directed to characterize
(1) the partially coherent radiative properties of
thin films and (2) the strong coupling between
electromagnetic wave propagation and the
radiation absorption thermal field. The findings are
useful for optical characterization of thin films,
design and operation of optical bistability devices,
and localized processing of film structures.

Allium arsenide based quantum well lasers
represent a rapidly expanding area of research
and development. A new measurement technique
that determines thermal diffusion of thin films in
both parallel and perpendicular directions has
been developed, and the experimental results
agree with those of the concurrent theoretical
study. With knowledge of the anisotropic thermal
diffusivity in semiconducting quantum well lasers,
the temperature rise and heat generation
mechanisms at the facets were further
investigated.

Pulse durations in modem short-pulse lasers have
been reduced from microseconds to
femtoseconds, greatly increasing the time
resolution of oplical observations and the spatial
controllability of laser processing. A general
macroscopic model based on microscopic
electron-lattice interaction and electron transport
was developed to describe short-pulse laser
heating of metals. Femtosecond laser heating
experiments were conducted for single and multi-
layer metal films. The knowledge gained in this
research program is useful for the thermal design

Engineering Research
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of high-power laser components and for a better
control of short-pulse laser microfabrication as well
as shon-pulse laser diagnostics.

University Of California/LA

Mech, Aero & Nuclear Eng Dept $90,024
School of Eng & Applied Science 01-C
Los Angeles, CA 90024-1597 92-3

Basic Studies of Transport Processes in
Porous Media
1. Catton, V. Travkin, L. Gratton

The research seeks to develop the methods
necessary to model turbulent transport processes
for both single- and two-phase flows in highly
porous media. Emphasis is placed upon the
development and theorstical study of
integro-differential transport equations, with special
attention given to morphological factors. Research
has focused upon (1) single-phase, two-
temperature turbulent transport in porous media,
and (2) turbulent transport of momentum and
energy in a channel with regular rough walls.

Dependence of the Darcy and quadratic terms
upon the convective and diffusion terms’ assumed
version has been shown, as has the connection
between the diffusion and drag resistance terms in
the flow equations. The closure models allowed
associations between bulk process experimental
correlations and the current simulation
representations to be exploited in the numerical
procedures. Subsequent numerical investigations
displayed the equations’ sensitivity to the assumed
morphology and the transport coefficients’
descriptive ability for high solid/fluid phase thermal
diffusivity ratios and high void fractions.

Two-dimensional capillary pattems and spherical
structures were analyzed using an irregular four-
coordinate lattice with varying bond orientations
and random lattice pattems. Prescription of the
medium’s statistical structure allowed
transformation of the integro-differential transport
equations into differential equations with probability
density functions governing the spatially varying
stochastic coefficients and source temms.
Combination of space averaging and random
morphology process theories resulted in realistic
explanation of processes in porous media.

University Of California/LA

Mech, Aero & Nuclear Eng Dept $112,850
School of Eng & Applied Science 06-C
Los Angeles, CA 90024 93-3

Linear Kinetic Theory and Particle
Transport in Stochastic Mixtures
G. Pomraning

The goal in this research is to develop a
comprehensive theory of linear transport/kinetic
theory in a stochastic mixture of solids and
immiscible fluids. Such a theory should predict the
ensemble average and higher moments, such as
the variance, of the patticle or energy density
described by the underlying transport/kinetic
equation. The statistics to be studied correspond
to N-state discrete random variables for the
interaction coefficients and sources, with N
denoting the number of components in the
mixture. The mixing statistics to be considered
are Markovian as well as more general statistics.

In the absence of time dependence and scattering,
the theory is well developed and described by the
master (Liouville) equation for Markovian mixing,
and by renewal equations for non-Markovian
mixing. The intent of further work is to generalize
these treatments to include both time dependence
and scattering. A further goal of this research is to
develop approximate, but simpler, models from the
comprehensive theory. In particular, a specific
goal is to formulate a renormalized transport/
kinetic theory of the usual nonstochastic form, but
with effective interaction coefficients and sources
to account for the stochastic nature of the
problem. Numerical comparisons of all models will
be made against Monte Carlo simulations which
involve a straightforward average of solutions for
a large number of physical realizations of the
statistical mixing. Contact will also be made with
experimental simulations of cloud-radiation
interactions currently underway at another
institution as part of DOE's global climate
modeling initiative.
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University Of California/LA

Physics Dept $79,000
Los Angeles, CA 90024 06-C
93-3

Nonlinear Waves in Continuous Media
S. Putterman

Nonlinear wave interactions in far off equilibrium
fluids are being studied with the goal of
understanding the interplay between processes
that, concentrate energy (e.g. sonoluminescence),
randomize energy (e.g. wave turbulence) and

form localized states (e.g. solitons). The
experimental discovery that strong sound waves
generate picosecond flashes of light is now being
studied from the theoretical perspective with the
goal of understanding how energy can focus by
twelve orders of magnitude. Turbulence in
nonlinear waves is being studied from both the
theoretical and experimental directions. Goals
include the development of a Fokker-Planck theory
that includes intemmittency as well as the
observation of collective modes in turbulence that
are analogous to second sound. High amplitude
waves can also form self-localized states such as
the breather and kink solitons, and domain walls
which have recently been observed. Current
efforts are aimed at extending these findings to
systems which are two and three dimensional.
This work proceeds from the experimental,
analytical and simulational avenues of approach.

University of California/SD

Scripps Inst of Oceanography $165,000
La Jolla, CA 92093-0402 06-C
90-4

Nonperiodic, Broadband Signals:
Signal Processing in Chaos
H. Abarbanel

The analysis of chaotic signals observed in
measurements on physical systems is of
importance in energy problems ranging from
fividized bed flows in fossil energy applications to
determination of the natural climate variability to
the uncovering of simple models for complex
behavior in fluid flows. = This research has
developed tools for this analysis which allows one
to reconstruct the multivariate state space of a

system from observations, time lagged, of a single
dynamical variable. The time delay, the
dimension, and properties of the strange attractor
can all be determined from this data. The concept

of unfolding the attractor using the method of
global false nearest neighbors and then
detemmining locally the number of dynamical
degrees of freedom using the local version of this
has brought to the study of complex behavior a
robustness which allows it to be used in
enginsering analysis and design. The algorithms
deveioped for this purpose have also been used in
a variety of applications requiring the separation of
a chaotic signal from another information bearing
signal or ‘noise’. The tool kit of these algorithms
is being ported to a common interface for use in
the energy related sciences.

University Of California/SD

Dept of App Mech & Eng Sci $126,000
La Jolla, CA 92093 06-B
93-3

Fundamental Studies of Spray Combustion
P. Libby, F. Williams

This research involves a combined experimental
and theoretical effort related to the behavior of fuel
droplets in well defined but nonuniform flows. Our
current research concerns fuel sprays in opposed
and impinging streams which resuit in flat flames.
A test rig which pemmits a wide variety of
investigations including nonpremixed, premixed
and partially premixed systems in opposed and
impinging flows has been put into operation. By
installing an appropriate grid in one or both ducts
sprays in turbulent streams can be studied. Initial
results involve the structure and extinction
characteristics of laminar flames using a phase
doppler particle analyzer which pemits
measurement of two velocity components, droplet
diameter and number density. Several
publications on this research have appeared. One
interesting observation from these laminar studies
is that under some flow conditions larger droplets
from the spray pass through the stagnation plane
into the opposing gas stream and oscillate about
that plane. This phenomenon has been studied
experimentally in terms of single droplets and in
sprays. Related theoretical studies identify the
parameters of droplet and flow detemining
whether or not oscillations occur. An interesting
manifestation of such oscillations in sprays is that
the probability density of the axial velocity of
droplets on the axis of the flow at points above the
stagnation plane can be bimodal with both positive
and negative velocities. A theoretical treatment of
this phenomenon is underway. Initial experiments
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on a turbulent spray impinging on a wall without
combustion with the aim of determining the relative
velocity between gas and droplets of various sizes
has been completed. Data analysis and
interpretation are underway.

University Of California/SD

Department of Chemistry, 0340 $183,512
La Jolla, CA 92093 06-C
92-4

Noisy Nonlinear Systems
K. Lindenberg

The broad objective of this project is to investigate
the interplay of nonlinear detemministic dynamics
with spatial and temporal fluctuations.

Density fluctuations in binary reaction--diffusion
processes in low dimensional systems lead to
spatial and temporal anomalies. The asymptotic
behavior is well established, but sets in only after
extremely long times. The hisrarchy of kinetic
regimes for all times has now been determined
under a variety of conditions. This work continues
with a broader set of reactions and geometries.

Transport on certain quasi-random fractals has
been determined analytically. One aim is to
extend the approach to more complex fractais.
Another is to investigate transport on structures
that in one extreme parameter regime are
Euclidean but in another are fractal. This is done
by replacing holes or disallowed pathways on
fractals with appropriate barriers. At short times a
walk on such a structure is indistinguishable from
that on the associated fractal; at long times it
should appear Euclidean. The crossover time
should be determined by a tunable parameter
such as the temperature. Preliminary results
have been obtained.

Systems subject to deterministic and/or stochastic
forces exhibit interesting behavior caused by the
interplay of nonlinearity, noise and deterministic
forces. A path integral approach has been suc-
cessful for the analysis of the response of non-
linear systems to colored noise; developments in
this area continuse. A difference equation approach
has provided the response of a linear system to a
coin-toss square wave, leading to unexpected
non-monotonic response. The response of
nonlinear systems to combinations of deterministic
and stochastic forces is under investigation.

University Of California/SD

Department of Mathematics $98,000
La Jolla, CA 92093 06-C
93-1

Knot Invariants and the Thermodynamics
of Lattice Gas Automata
D. Meyer

Some discrete models for dynamical systems (like
lattice gas hydrodynamics) exhibit approximately
thermodynamic behavior despite the presence of
conserved quantities other than the energy/
momenta and even for small system size (e.g., the
lattice gas models for two phase flow through
porous media). The goal of this project is to build
on the understanding of the connections between
knot invariants, exactly solvable statistical
mechanics models and discrete dynamical
systems gained in earlier work (appearing in
Physica D and Knots 90) toward an answer to the
question of how this eardy and robust
thermodynamic behavior occurs in lattice gas
automata.

The basis of the approach is exemplified by the
result that one specific reversible cellular
automaton model with a conserved quantity is
equivalent, in the sense that the ensemble of 1 + 1
dimensional spacetime evolutions is the same as
the equilibrium ensemble of 2 dimensional
configurations, to a solvable statistical mechanics
model at a crtical point. In addition to the
association between the critical limit of solvable
models and knot invariants, the physical
characteristics of the critical point are consistent
with the canonical distribution observed in
simulations.

Current work includes the application of this
approach to a family of 1 dimensional lattice gas
automata based on a model of 't Hooft. The
intention is also to study the relation between the
lattice gas analysis of this model and 't Hooft's
defect/curvature interpretation. Recent
developments (Vassiliev knot invariants) are
expected to lead to a better understanding of the
connection between the usual perturbative
analysis and global topological properties of these
nonlinear systems. Investigation of higher
dimensional models, via solutions of the
tetrahedron equation, has also begun. '

Engineering Research

1993



University Of California/SD

Inst for Nonlinear Science, R-002 $95,145
La Jolla, CA 92093 06-C
93-3

Structure of Turbulence, Conditional
Averaging and Subgrid-Scale Modeling
E. Novikov

The direct numerical simulations (DNS) of
turbulent flows with high Reynolds numbers {(which
are encountered in many engineering enterprises),
are impossible now and in the foreseeable future.
The major goal of this project is to advance the
knowledge of the structure of turbulence, aiming it
at a subgrid-scale modelling for the large-eddy
simulations (LES). Among the tools being
developed for achievement of this goal are: 1)
conditional averaging of Navier-Stokes (NS)
equations; 2) use of Markov processes with
dependent increments, consistent with NS
equations, 3) description of intermittency in terms
of breakdown coefficients and associated infinitely
divisible probability distributions; and 4)
incorporation of experimentally observed coherent
structures into the statistical description of
turbulence.

A number of new results was obtained by using
these tools, in particular, probability distribution for
three-dimensional vectors of velocity increments,
which has an unusual form. A hierarchy of
subgrid-scale models was obtained and
preliminary testing was done by DNS (for
moderate Reynolds numbers) and by LES for
isotropic, shear-flow and free-surface turbulence.
Numerical simulations are performed in
cooperation with workers at Stanford University
and Science Applications International
Corporation. Corresponding laboratory
experiments (in particular, for free-surface
turbulence) are performed in cooperation with
Caltech. The obtained analytical, numerical and
experimental results open a new perspective for
more detailed studies of the structure of turbulence
and subgrid-scale modelling.

University Of California/SD

Dept of Physics $219,120
La Jolla, CA 92093 06-C
83-3

Traveling-Wave Convection in Fluid Mixtures
C. Surko

This research program involves the study of
convection in fluid mixtures of ethanol and water,
in which the fluid motion takes the form of
traveling waves. This is a model system for
studying nonequilibrium, traveling-wave
phenomena that can provide important insights
into the behavior of doubly diffusive systems in
which the transport occurs on two different time
scales. In this system, the coupling of the
concentration field to the velocity and temperature
fields results in a wife variety of potentially
important phenomena. Examples of practical
interest include solar ponds and atmospheric and
oceanographic flows.

Experiments involving an annular geometry have
been used to confine the convective rolls to a
quasi one-dimensional pattem which facilitates a
simplified theoretical analysis. As a result of this
work, there is now a basic understanding of the
dynamics of uniform and confined states of
traveling waves, including an understanding of the
role that the concentration field plays in these
dynamics. Recent work in this one-dimensional
geometry bs focused on the instability of uniform
traveling waves to wavelength perturbations (i.e.,
the "Eckhaus” instability). Experiments in progress
focus on the nature of traveling-wave convection
in a large aspect ratio, two-dimensional geometry.
Important issues to be addressed include two-
dimensional wavelength instabilities and the
dynamics of defects.
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University Of California/SB

Dept of Physics $264,290
Santa Barbara, CA 93106 06-C
93-5

Bifurcations and Patterns in Nonlinear
Dissipative Systems
G. Ahlers, D. Cannell

This project consists of experimental investigations
of heat transport, pattem formation, and bifurcation
phenomena in non-linear non-equilibrium fluid-

mechanical systems. These issues are studies in
Rayleigh-Benard convection, using both pure and
multicomponent fluids. They are of fundamental
scientific interest, but also play an important role in
engineering, materials science, ecology
meteorology, geophysics, and astrophysics. For
instance, various forms of convection are
important in such diverse phenomena as crystal
growth from a melt with or without impurities,
energy production in solar ponds, flow in the
earth’s mantle geo-thermal stratifications, and
various oceanographic and atmospheric
phenomena. Our work utilizes computer-
enhanced shadowgraph imaging of flow pattems
and high-resolution heat transport measurements.

We studied convection in a gas (CO,) under
pressure (about 30 bar) in a very large aspect
ratio sample (radius/height = 150). Under non-
Boussinesq conditions, the bifurcation from
conduction to convection became hysteretic, and
the initial pattern consisted of a perfect lattice
containing more than 10* hexagonal cells. For
parameter values where time-independent parallel
straight rolls were theoretically predicted for a
laterally infinite system, we found a state of spiral-
defect chaos.

We investigated convection in a nematic liquid
crystal in a horizontal magnetic field H. We found
excellent agreement with recent theoretical
predictions for the bifurcation line R(H), and for
the convection-roll orientations as a function of H.
We also used this system to study convection
when itwo phases (the nematic and isotropic
phase) are present in tire cell. Convection in the
presence of a first-order phase change is relevant
to convection in the earth’s mantle; ours are the
first quantitative experiments relevant to this

important problem. -
po ] @

We have continued our work on binary-mixture
convection. For positive separation ratios ¥ we
studied square pattems. For negative ¥, we
investigated time formation of localized pulses in
two dimensions.

University Of California/SB

Dept of Chemical & Nuc Eng $106,300
Santa Barbara, CA 93106 01-C
91-3

Turbulence Structure and Transport
Processes in Wavy Liquid Streams
S. Banerjee, G. Hetsroni

Experiments have been completed to visualize
wave turbulence interactions near shear-free gas-
liquid interfaces. Mechanically generated waves of
different lengths and amplitudes were imposed on
the flow and the effects on the turbulence structure
determined. It was found that the nearwall
structure was affected by intertacial waves in the
relatively shallow stream studied. In particular, the
wall region was found to couple with waves in
frequency ranges of about the same magnitude as
bursts/ejections. A paper has been published in
Physics of Fluids (“Wave-Turbulence Interactions
in Free-Surf ace Channel Flows", M. Rashidi, G.
Hetsroni and S. Banerjee, 1992).

In addition, work using laser Doppler anemometry
has continued in parallel with flow visualization. It
has been found that wall region coherent
structures, which are normally thought of as
streaks, burst/ejections and in-sweeps, as well as
relatively short quasi-streamwise vortices, may
actually be one funnel-shaped structure in which
the fluid motion is initially in the form of relatively
tight quasi-streamwise vortices, later on expanding
to trace the surface of a funnel laid sideways in
the flow. The phenomenon, to some extent, is
reminiscent of vortex breakdown. Ejections and
in-sweeps are then the rising and falling portions
of fluid that trace the surface of the funnel. Work
is continuing to establish whether these are in
reality the determining structures in boundary layer
flows and whether simple models can be
constructed on their basis. To support these
efforts, three-dimensional velocity fluctuations are
being measured in conjunction with visualization of
small oxygen microbubble tracers.
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So far as the effect of interfacial waves is
concemed, a new wavemaker has been
constructed and is in the process of being
commissioned. The wavemaker is placed in the
tank from which the fluid enters the test section,
and care is being taken to suppress vortex
shedding which may give rise to nontypical and
persistent flow structures.

The thrust of the work has now tumed to the effect
of interfacial waves on the streamwise funnel-
shaped structures described in the previous
paragraphs. Direct numerical simulation in support
of these experiments has continued. It has been
found that if fluid tracer particles are injected into
numerical simulations, then they do trace a path
similar to the streamwise funnel-shaped vortices
seen in the experiments.

Direct simulation of the effect of interfacial waves
will be initiated, again, when the wall region
structures have been better identified in order to
understand the interactions between waves and
such structures.

California Institute Of
Technology

Chemical Engineering 210-41 $125,728
Pasadena, CA 91125 03-A
91-3

Modeling for Process Control
M. Morari

One key difficulty which stands in the way of
application of many advanced control techniques
in the chemical process industries is the need for
a model to describe the dynamic behavior of the
process to be controlled. The objective of this
research program is the development of a range of
new modeling techniques, in particular:
development of techniques for building physics-
based, low order, nonlinear models with physically
meaningful parameters, specifically for the purpose
of (robust) linear and nonlinear controller design;
and development of methods for the identification
of linear black box models and the associated
uncertainty description suitable for robust control
system design.

This research program emphasizes methods that
are both mathematically lucid and industrially

although the relationship between PLS and other
established regression methods has been
incomplete. A firn mathematical link has been
developed between PLS and statistical
significance testing. Based on these new restults,
PLS has been extended to deal with outliers
(robust estimation) and more general statistical
models, e.g. the measurement error model.

Carnegie Mellon University

Chemical Eng Dept & Graduate $0
School of Indus Admin 03-A
Pittsburgh, PA 15213 89-4

Integration of Redesign Methodologies for
Chemical Processes

L. Biegler, I. Grossmann, G. Thompson, A.
Westerberg

Process redesign, commonly known as retrofit, is
a major task in the chemical industries. However,
most systematic design strategies have been
developed for new process and often do not apply.
This project addresses the development of
systematic design methodologies for the redesign
of chemical processes. This integrated approach
deals with a broad range of problems in process
redesign. Here we discuss progress in the
following areas:

1) Development of Efficient Optimization
Algorithms for Discrete and Continuous Vartiables.
Efficient decomposition strategies for nonlinear
programming have been developed for large-scale
process optimization. These are currently being
tailored to various problem types including
optimization problems in flowsheet optimization,
parameter estimation and data reconciliation. The
work also includes the solution of several large
scale combinatorial optimization problems that
frequently occur in chemical engineering
applications, namely, traveling salesman, and set
covering set packing, and set partitioning
problems. These algorithms have also been
developed on various sequential and parallel
computers such as the CRAY YMP, the Alliant
FX/8 and the CMU Nectar network.

2) BRedesign of multicomponent separation
sequences. Our goal is an approach to redesign
separation processes where the species display
azeotropic behavior. These processes are

effective. For example Partial Least Squares > P S
(PLS) has been highly regarded by practitioners ~ COMPIlex, requiring recycles in principle. Mixing
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can often be used to improve separation. For
homogeneous azeotropic temary mixtures, we
have two analysis results: (1) a technique to
determine all possible products which can be
obtained in a single feed, two product distiliation
columns whether at total or finite reflux and (2) an
approach to determine if an extractive agent will
allow separation of a binary mixture into desired
products.

We are testing a new method to compute
minimum flows in any column. We have a
methodology to produce automatically altemative
process configurations for such processes and
have tested it on many examples, including a
mixture of methanol, water, n-pentane and
acetone. We are also studying retrofit design for
such processes involving trace species - i.e., for
waste recovery systems.

(3) Redssign of energy management systems.
Mixed-integer nonlinear programming (MINLP)
models have been developed for grassroots and
the redesign problems. The unique feature of
these models is the fact that the level of energy
recovery and selection of matches is optimized
simultaneously without fixing temperature
approaches. We have recently developed a new
global optimization algorithm for networks with
fixed topology. The basic idea relies on a rigorous
nonlinear convex NLP underestimator that
provides tight lower bounds, and that is coupled
with a spatial branch and bound method. Typically
not more than five NLP optimizations are required
to find the global optimum. Work is under way to
extend this method for the optimization of
topologies in which we intend to use as a basis a
recent LP/NLP based branch and bound method
for MINLP optimization. Finally, the interactive
program SYNHEAT is under development for the
implementation of these models.

(4) Redesign for flexibility and reliability. The
expected stochastic flexibility, a new measure that
integrates the two operability characteristics, has
been developed. The proposed measure can be
used to evaluate the probability of feasible
operation, given uncertainties in process
parameters and operational states. We have
recently developed an NLP optimization model for
optimizating the stochastic flexibility in nonlinear
process models. This formulation, which embeds
the integration of multiple integrals using Gaussian
quadrature, is solved with the Generalized

Benders decomposition method. The application
of this method has been illustrated in bi-criterion
optimization problems for maximizing flexibility and
minimizing investment cost. Also, an interesting
relationship of our metric with Taguchi’s quadratic
loss function has been established.

(5) Optimization-based Methods for Process
Identification _and Control.  Optimization-based
algorithms are being developed for the control of
constrained, nonlinear processes; these are also
being used to control open loop unstable
processes. An extended stability theory has been
developed and demonstrated, both for
constrained and unconstrained systems. In
addition, both exterior and exact penalty function
strategies have been developed and analyzed for
constrained model-predictive control algorithms.
Finally, tailored nonlinear and quadratic
programming algorithms are being developed for
more efficient solution of these problems. These
have been illustrated on a number of process
examples.

Carnegie Mellon University

Dept of Elec & Comp Eng $100,860
Pittsburgh, PA 15213 03-C
92-3

Research on a Reconfigurable and Reliable
Manipulators
P. Khosla, T. Kanade

The goal of our research is to develop basic
design theory and methodology that will allow one
to determine both the kinematic and dynamic
configuration of a manipulator capable of
performing a given task. The motivation for this
arises from the concept of a modular manipulator
system comprising of a set of link and joint
modules of various sizes which may be assembled
together in a desired kinematic configuration to
achieve a specific task. The joint and link
modules have consistent mechanical and electrical
interfaces which will allow either semi-skilled field
personnel or another manipulator to rapidly
configure a manipulator to meet specific task
requirements. Since current manipulator systems
are fixed configuration, they lack the ability to
perform widely varying tasks. Further, these
manipulators are not fault tolerant - a loss of a
degree-of-freedom will result in a significantly
reduced capability to perform the task it was
deployed for. In pursuing research on a
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reconfigurable modular manipulator system, our
goal is to not only create the technology but to
push basic research for design of non redundant,
redundant, and fault tolerant manipulators.

This basic research effort will address the problem
of mapping tasks into a manipulator configuration,
formulation of control algorithms for the mapped
configuration, and experimental verification of the
developed ideas. Though it is not the primary
objective, we believe that building prototype
experimental modules for demonstrating our ideas
will also contribute to the technology of modular
manipulators. For configuring a manipulator from
task requirements, we have developed
methodologies that map the task requirements into
a specific non-redundant manipulator.  The
kinematic task requirements are used to detemmine
the link lengths and the orientation of the modules.
And the dynamic task requirements are translated
to obtain the sizes and rating of the actuators or
joints.

University Of Chicago
Dept of Chemistry $0

Chicago, IL 60637 06-C
92-1

Finite-Time Thermodynamics and Effective

Energy Use

S. Berry

The period 1992-93 was fruitful. The work

followed two lines, the principal objectives of the
cuirent work. One is the development of methods
of optimizing engines and processes by optimal
control methods for distributed systems and
averaged systems. The other is the development
of a self -consistent thermo-hydro-mechanics for
nonequilibrium systems. The two publications
from the former illustrate that approach'?: the first
continues our earlier work® by applying constraints
of finite-time operation and by developing a
computational algorithm for cases with no analytic
solutions. The second analyzes the intemal
combustion engine and exposes ways to improve
its efficiency or power delivery, in some cases by
heating the system rather than cooling it, for part
of the cycle. This work is being continued with a
postdoctoral, Vladimir Kazakov, and Professor
Anatoly M. Tsidin, visiting in Fall, 1993. Both are
from the Institute for Optimization and Control
Theory, Pereslavl-Zalessky, Russia.

The other line is also represented by two recent
publications®®: the first overcomes the traditional
limitation of neglect of the finite heat propagation
rate and develops a finite-time formalism based on
hypetbolic differential equations. The, second
develops a Lagrangian treatment in which
canonical variables are introduced for
nonequilibrium thermodynamics.

1. V. N. Orfov and R. S. Berry, "Analytical and
numerical estimates of efficiency for an irreversible
heat engine with distributed working fluid,” Phys.
Rev. A 45, 7202 (1992).

2. V. N. Orlov and R. S. Berry, "Power and
efficiency limits for intemal combustion engines via
methods of finite-time thermodynamics," J. Appl.
Physics (in press, 1993).

3. V. N. Orlov and R. S. Berry, "Power output from
an irreversible heat engine with a nonuniform
working fluid," Phys. Rev. A 45, 7230 (1990).

4. S. Sieniutycz and R. S. Berry, "Least-entropy
generation; Variational principle of Onsager's type
for transient hyperbolic heat and mass transfer,”
Phys. Rev. A 46, 6359 (1992).

5. S. Sieniutycz and R. S. Benry, "Canonical
formalism, fundamental equation and generalized
thermomechanics for irreversible fluids with heat
transfer," Phys. Rev. E 47, 1765 (1993).

University Of Chicago

The Enrico Fermi Institute $324,000
Chicago, IL 60637 06-C
93-3

Fundamentals and Techniques of
Nonimaging Optics
R. Winston

Nonimaging optics departs from the methods of
traditional optical design to develop instead
techniques for maximizing the collecting power of
concentrating elements and systems. Designs
which exceed the concentration attainable with
focusing techniques by factors of four or more and
approach the theoretical limit are possible. This is
accomplished by applying the concepts of
Hamiltonian optics, phase space conservation,
thermodynamic arguments, and radiative transfer
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methods. In the eary nonimaging designs the
mighty edifice of aberration theory was dismantied
and replaced by a single key idea. According to

this, maximum concentration is achieved by -

ensuring that rays collected at the extreme angle
for which the concentrator is designed are
redirected, after at most one reflection, to form a
caustic on the absotber. This principle proved
sufficiently elastic to accommodate most boundary
conditions in two dimensions (i.e., linear
geometry). ldeal solutions in three dimensions
have also been formulated. Our work on vector
flux has led to a reexamination of the foundations
of radiometry with emphasis on observable effects.
Our theoretical work on nonimaging designs has
led to demonstration of ultra-high flux from sunlight
which exceeds previous results by substantial
factors. Design algorithms have been developed
for reflectors that are functionals of the desired
irradiance. This permits new solutions which solve
classical problems in illumination from extended
sources.

Clarkson University

Dept of Chemical Engineering $62,000
Potsdam, NY 13676 01-C
91-3

Lift and Drag Forces on Droplets and
Particles in Wall-Bounded Flows
J. McLaughlin

The goal of this research is to obtain quantitative
information about the lift and drag forces that act
on small droplets or particles that translate through
shear flows. Such forces affect the motion of
droplets or particles near a rigid wall. Thus, a
knowledge of the forces is needed to describe
processes such as the deposition of aerosols on
solid surfaces.

The approach used in the research involves a
combination of analytical, numerical, and
laboratory work. Asymptotic expressions have
been derived for the lift and drag forces in the
regime of small Reynolds numbers. In most
situations of practical importance, however, the
droplet or particle Reynolds numbers are not small
compared to unity. At finite Reynolds numbers,
direct numerical simulations of the three-
dimensional flow field around a sphere in a shear
flow have provided the forces. The experiments
involve measurements of particle migration
velocities in a vertical homogeneous shear flow

apparatus. The results provide checks of the
numerical and theoretical work.

The asymptotic and experimental portions of the
project are done. The numerical study is still under
way. The numerical results to date are in good
agreement with the asymptotic and experimental
findings when the particle Reynolds numbers are
smaller than unity.

University Of Connecticut

Dept of Mechanical Engineering $50,000
Storrs, CT 06268 01-A
92-3

Engineering Science Software

Smithfield, Rl 02917 $48,000
01-A
92-3

A Micromechanical Viscoplastic Stress-Strain

Model with Grain Boundary Sliding

E. Jordan, K. Walker

In the first part of the program a model that
-allowed polycrystalline elastic and viscoplastic
constitutive behavior to be predicted from
crystallographic slip in single crystals was
developed and verified in high temperature biaxial
polycrystal experiments.

In the ongoing research the goal is to predict the
degree of heterogeneity of deformation and verify
these predictions experimentally. Two types of
theoretical models have been used to predict
heterogeneity. The first model involves averaging
the effect of neighboring grains while the second
model using a unique Green's function method,
allows arrays of grains to be modeled explicitly.
Calculations done to date show that the self-
consistent model significantly underestimates the
heterogeneity compared to the more realistic
explicit model. The most extreme heterogeneity
found in studying 50,000 grains was not neary as
great as in a pair of artificially constructed arrays
designed to produce extreme heterogeneity.

The strain in individual grains was recorded in a
coarse grained sample using the Moire’
interferometry apparatus at INEL. Reduction of
this raw data to strain fields is now ongoing.
Preliminary results show that the inelastic"
response is extremely heterogensous. The
modeling software is now being enhanced to
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include constitutive mode! with an appropriate
abrupt yield behavior to see if the observed
extreme heterogeneity can be modeled. Neutron
diffraction experiments are to commence on
July 22, 1993 at Argonne National Labs. In these
experiments elastic strains will be measured for
both surface and interior grains. Thus data will
nicely complement the Moire’ data which reveals
the total strain of surface grains only. Developing
models to predict grain to grain heterogeneity and
verifying these modsls is a basic element in
modeling mechanical behavior. Such heterogene-
ity is important in fatigue which starts in the most
unfavorably oriented grain, in modeling stress
induced phase transformation and in grinding
where heterogeneity may influence surface finish.

Cornell University

Mechanical & Aerospace Engineering $62,988

Ithaca, NY 14853 01-A
91-3

Chaos in Fluid-Structure Systems

F. Moon

Two principal experiments were carried out under
this grant during the second year of this project:

i) Forced vibration of a single ﬂexible tube with
intemal flow, ii) Cross flow measurements of
chaotic vibrations of a flexible tube in a five tube
row.

i) In the first set of experiments, begun in the first
year, we explored multifractal phenomena, which
describe the transition from quasiperiodic to
chaotic vibrations. Quasiperiodic vibrations were
observed in earier experiments by Dr. G. Scott
Copeland in flow through a long tube with an end
mass. These results were reported an a Ph.D.
dissertation in Summer 1990. By introducing a
periodic-forcing of the tube in an adaptation of this
experiment, we were able to more easily study
this transition from quasiperiodic to chaotic
vibration. This study was motivated by work in the
mid 1980’s on forced Rayleigh-Bemard flow which
showed a linkage between quasiperiodic motion
and the circle map.

In the forced tube expsriment we were able to
show a similar connection to the circle map, and in
particular, the multifractal nature of the breakup of
the torus in c phase space. A mullifractal is a

distribution function which is described by a set of
points with a continuous set of fractal dimensions.
Our observations of muiltifractals behavior were,
we believe, the first to be observed in fluid-
structure vibrations.

In January 1992, Mr. George Muntean visited
Argonne National Laboratory and reported to Dr.
S.8. Chen our findings on muiltifractal
measurements. He subsequently presented a
paper at the DOE Grantees meesting later this past
spring. A revised paper has been submitted to the
Joumal of Fluids and Structures, and is currently
under review.

i) The design of the cross-flow, tube row
experiment began last summer and was
completed this fall. These experiments parallel the
work of Cai and Chen (1992). In the Comell
experiments the center tube of a five-tube set
suspended on a flexible rod. The tube motion is
limited by motions stops, thus introducing a strong
nonlinearity in the tube stiffness. Preliminary
experiments were carried out in water. The
vibration amplitude versus flow velocity shows the
instability onset (Hopf bifurcation) and the vibration
saturation when the impact constraints limit the
chaotic motion. This response was found to
depend on whether the flow velocity was
increasing or decreasing.

The vibration frequency was found to depend on
the flow velocity. There is some evidence that the
periodic motion at the onset of flutter to chaotic
motion transition occurs through quasiperiodic
vibration.

At the present time we are carrying out the
calculations of the fractal nature of the Chaotic
motion with the goal of establishing the low
dimensional nature of the dynamics. At the same
time we will cormrelate our findings with a similar
experiment at Argonne National Laboratory to
establish the validity of the fractal dimension
technique in determining chaos in such flows. The
next stage of this work walk involve experiments in
cross flow of air past a row of tubes as described
in the next section on our proposed research for
the third year of this project.

In 1993 a new wind tunnel facility has been
constructed and we are investigating nonlinear
dynamics of a tube row in cross flow.
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Cornell University

Sibley School of Mech & Aero Eng $105,818

ithaca, NY 14853 01-C
91-3

Experiments in Turbulent Mixing

Z. Warhaft

Our experimental studies of passive scalar mixing
and transport in turbulent flows are motivated by a
desire to understand better the fluid mechanics of
chemical reactions, combustion and environmental
pollution, all of which occur in turbulent
background flows. Towards this end we are
studying passive thermmal dispersion in a jet, and
mixing of temperature fluctuations in
homogeneous grid generated turbulence.

The jet experiment, in which a fine circular heated
wire is placed close to the jet exit and concentric
with it, is an analogue of a heated line source in
grid turbulence, a much studied subject. The
motivation in both cases is to determine the rate at
which a scalar contaminant mixes disperses when
it is introduced at a scale much smaller than that
of the velocity field. Our results show that in the
jot, mixing is faster due to the shear and that by
about 20 jet diameters downstream complete
mixing has occurred. Examination of various
quantities such as the probability density function
(pdf) and conditional statistics provides insight into
the dynamical details of the mixing process.

Our work on grid turbulence has concentrated on
the behavior of temperature spectra and the scalar
pdf. We have shown that the pdf, under certain
circumstances, has tails much broader than would
be expected from a Gaussian distribution and that
the temperature spectra obey Obukhov-Corrsin-
Kolmogorov scaling even at very low Peclet
numbers and without local isotropy in the scalar
field.

Dartmouth College

Thayer School of Engineering $o0

Hanover, NH 03755 06-C
91-2

Mixing and Settling in Continuous Metal

Production

H. Richter

In modem metallurgical processes metal is
produced continuously and directly from ore in

single converters operated in horizontal mode
using submerged gas injection into the liquid
metal-slag bath. These reactors promise
substantial fuel savings and much better contro} of
pollutants than common practice. The injected
gas must create sufficient turbulence to provide
excellent gas-liquid contact in order to maximize
heat and mass transfer in the bath, but this
turbulence must be selectively localized to provide
adequate phase separation zones of metal and
slag between active turbulent zones.

Knowledge of liquid entrainment into the bubble
plume created by submerged gas injection, and of
liquids separation are of fundamental value in
designing reactors, however these phenomena are
also of generic interest to other processes, such
as the current major DOE-AISI direct steelmaking
process or severe accident analysis of nuclear
reactors.

In this work mixing caused by submerged gas
injection into a bath and subsequent phase
separation of two immiscible liquids representing
slag and metal are being studied experimentally
and analytically. Novel instrumentation for local
measurement of volume fractions of gas and
liquids has been developed. First experimental
results of liquid flow velocities induced by gas
injection and volume fractions of gases and liquids
in and around the gas plume as well as
complementing numerical resuits are available.

Engineering Research

15 1993



Dartmouth College

Thayer School of Engineering $120,600
Hanover, NH 03755 01-C
92-3

Two-Phase Potential Flow
G. Wallis

The objective is to develop theorems for two-
phase potential flow analogous to those existing
for single phase flow.

Using one function, the "exertia," which describes
the external fluid inertia due to relative motion of
suspended patrticles, it has been possible to derive
the average stress tensor, kinetic energy, overall
momentum flux tensor and equations of motion for
uniform systems of particles and the effective
Bemoulli equation for the fluid flowing through a
stationary array of particles.

Recent developments include more general des-
criptions of the mean particle stresses and the
averaged Bemoulli equation for the fluid when
both phases have a general motion. Links have
also been established between this approach and
Guerst's variational methods including the deriva-
tion of equations of motion for each phase it being
possible for the dispersed phase to be
compressible. The equations of motion for each
phase have also been expressed in terms of a
mutual "interfacial pressure tensor" that is related
to both the average stress in the dispersed phase
and the net force on the continuous phase. This
interfacial pressure tensor is also closely coupled
to the Reynolds stresses in the continuous phase.

The exertia and added-mass coefficients have
been computed for various geometrical
arrangements of spheres, both in an infinite array
and in tubes. Comparable measurements were
made by measuring the natural frequency of
oscillation of such arrays in water. Future
experiments are planned in which more properties,
such as pressure fluctuations, are measured.

Theoretical and experimental efforts are underway
to obtain realistic interphase forces including the
effects of viscosity and drag. Computations show
that the effects of pressure gradient, added mass,
phase change and drag do not add linearly except
at low Reynolds numbers. This has implications for
the transient response and stability of fluidized
beds.

Duke University

Department of Physics $60,000
Durham, NC 27706 01-C
93-3

Experimental and Analytical Investigations
of Flows in Porous Media
R. Behringer

Research objectives for this project include the
development and application of two novel
techniques for studying flow in porous media.
These techniques are: 1) magnetic Resonance
imaging (MRI), and 2) a novel shadowgraph
technique, to be referred to as MST (Modified
Shadowgraph Technique). The primary goals are

to use these techniques to characterize and
understand convective flows in porous media,
including pattern selection, secondary instabilities,
and time dependence. MRI provides both local
velocity and local fluid density information. MST
provides pattem information easily and efficiently.
Both techniques are fully operational. An
important finding is that the geometric structure of
the medium plays a fundamental role in pattemn
selection. Media constructed from periodic arrays
of bars show a well defined transition to
convection and sharply defined parallel convection
rolls with orientation determined by the symmetry
of the array. Media consisting of a random array
of holes show disordered patterns and an
imperfect bifurcation to convection. Numerical
studies are underway to probe the role of media
structure on the pattem. Studies where the
median is constructed from semi-ordered and well
ordered arrays of spheres show pattems near
onset with more symmetry than the random-hole
media but less symmetry than the periodic bar
media.

Idaho National Engineering Lab

Bioprocess & Environ Assessment $109,000

idaho Falls, ID 83415 06-A
89-3

Three Phase System Modelling

G. Andrews

The behavior of bubbles of gas in liquids
containing surface-active solutes is critical to the
performance of processes like floatation,
fermentation, and gas/liquid reaction. These
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bubbles are usually in the millimeter size range,
ollipsoidal or cap-shaped rather than spherical and
rise with a Reynolds number, Re, of several
hundred. This project is developing a theorstical
model for such bubbles. It includes mass transfer
of surfactants between the liquid and the bubble
interface, the effect of the absorbed surfactant on
the interface force balance and thus on the
mobility of the interface and the hydrodynamics in
the boundary layer around the bubble. The
objective is to predict gas/liquid mass transfer
rates, particle capture rates by the rising bubble
and ultimately bubble shape as a function of
surfactant concentration. New forms of integral
boundary layer theory have been deveioped to
predict the behavior of boundary layers on a
moving spherical interface at Re of a few hundred.

Results are significantly different from previous
theories based on cresping flow (Re<1)
hydrodynamics. Experiments on the capture of
latex particles are being conducted for comparison
with the theory.

Idaho National Engineering Lab

Applied Physics & Optics $493,000
Idaho Falls, ID 83415 06-A
90-3

In-Flight Measurement of the Temperature of
Small, High Velocity Particles
J. Fincke

The objective is to fundamentally improve the
thermal plasma spray process. Modifications to
conventional torches are being examined along
with a new generation of high-velocity, high-power
(HVHP) plasma torches. These devices offer
larger plasma volumes at higher velocities while
minimizing power fluctuations due to anode spot
movement. Higher particle velocities decrease
residence time, an important factor in minimizing
oxidation reactions, and generally produce a
higher density and more consistent coating. The
chemical dynamics of high velocity flow fields is
also expected to lead to large departures from
equilibrium, significantly increasing ion and
dissociated species populations. Since surface
recombination increases plasma/particle heat
transfer rates, this can be a significant advantage,
yielding fully molten particles with less residence
time.

Based on the development of a fundamental
understanding of the fluid mechanics and
thermodynamics of high temperature,
nonequilibrium, flowing systems, process
improvements are sought. These improvements
are: controlled/minimized entrainment of extemal
atmospheres, increased velocities, increased
plasma volume, and minimized jet fluctuations.
The desired result is to deliver to the substrate a
particle ensemble at higher velocities with less
variance in temperature, velocity, molten fraction,
and chemical composition. Ultimately, a better
understood process will allow improvements in
coating adhesion and strength while other
characteristics, such as porosity, can be spacified
and controlled. This ability leads to the possibility
of engineering unique new coatings with graded
composition, porosity, etc. and enhanced
properties for advanced applications.

Idaho National Engineering Lab

Materials Science Division $250,000
Idaho Falls, ID 83415 03-A
93-3

Application of Intelligent Control Systems
to Mixed-Culture Bioprocesses
J. Johnson, D. Stoner, G. Andrews

The aim of this project is to show that the
productivity of mixed-culture bioprocesses can be
greatly increased by applying intelligent systems to
the process control problem. Controllers will be
developed by combining the tools of intelligent
control including fuzzy logic, expert systems, and
neural networks. The ability of a mixed microbial
culture to adapt to changing conditions will be
matched by the ability of the control system to
leamn about process performance continuously.
Sensors will be developed to inform the control
system about the activity of the dominant strains of
microorganisms in the mixed culture. This will be
combined with expert knowledge on the
metabolism and biochemistry of these strains

" incorporated as fuzzy logic rules in the controller.

These control concepts will be demonstrated in the
laboratory using the oxidation of ferrous iron by
Leptospirillum ferrooxidans as a model system. A
controller will be developed first for a pure culture
of this organism in a chemostat, the control
objective being to maximize the oxidation rate

Engineering Research

17

1993



without the appearance of ferric iron precipitates.
The culture complexity will then be progressively
increased by adding an acidophilic heterotrophic
bacterium that consumes organic matter known to
inhibit Leptospirillum, and a protozoa that feeds on
the bacteria. Appropriate control rules will be
developed and implemented at each step.

Idaho National Engineering Lab

Energy Res & Applications Dept $232,000

Idaho Falls, ID 83415 06-A
90-3

Modeling of Thermal Plasma Processes

J. Ramshaw, C. Chang

Optimization of thermal plasma processing
techniques requires a better understanding of the
space- and time-resolved flow and temperature
distributions in the plasma plume and of the
interactions between the plasma and injected
particles. The present research is directed toward
the development of a comprehensive
computational model capable of providing such
information. The model is embodied in the LAVA
computer code for two- or three-dimensional
transient or steady state thermal plasma
simulations. The plasma is represented as a
multicomponent ideal gas govemed by the
compressible Navier-Stokes equations.
Multicomponent diffusion is calculated by a
self-consistent effective binary diffusion
approximation, including a new formulation for
ambipolar diffusion of charged species.
Subgrid-scale and k-epsilon turbulence models are
included. Dissociation, ionization, and plasma
chemistry are treated by means of general explicit
and implicit chemistry routines for treating slow,
fast, and equilibrium chemical reactions. Discrete
particles interacting with the plasma are
represented by a stochastic particle model which
allows for distributions in particle sizes, shapes,
temperatures, etc. Departures from local
thermodynamic equilibrium are accounted for by a
two-temperature model which pemits the electon
and heavy-particle temperatures to differ.
Nonequilibrium populations of excited levels are
treated as separate chemical species, with
collisional and radiative transitions between levels
modeled as kinetic chemical rate processes.
Applications of the model to date include realistic
simulations of plasma jets and plasma spraying,
and detailed studies of excitation nonequilibrium in
plasma jets.

Idaho National Engineering Lab

Materials Technology Group $430,000
idaho Falls, ID 83415-2218 01-A

90-3
Elastic-Plastic Fracture Analysis Emphasis
on Surface Flaws .
W. Reuter ‘
The objective is to improve design and analytical
techniques for predicting the integrity of flawed
structural components. The research is primarily
experimental, with analytical evaluations guiding
the direction of experimental testing. Tests are
being conducted on materials ranging from finear
elastic to fully plastic. The latter extends beyond
the range of a J-controlled field. Presently,
compact tension and bend specimens are being
used to develop state-of-the-art fracture toughness
results. Specimens containing surface cracks are
used to simulate the fracture process (crack
growth initiation, subcritical crack growth, and
catastrophic failure) that may occur in a structural -
component.

Metallography and microtopography techniques
~have been developed to measure crack tip
opening displacement and crack tip opening angle
for comparison with analytical models. Moiré
interferometry techniques are used to evaluate and
quantify the deformation in the crack region. These
studies have resulted in the ability to predict crack
growth initiation of a structure using constraint and
fracture toughness data obtained from standard
fracture toughness specimens. Future research will
focus on predicting the stable crack growth
process in base metal and the fracture process in .
weldments.

Diffusion bonded specimens are being used to
simulate weldments. These specimens are used to
study the ability of existing models to predict the
fracture process for weldments.

This project is a collaborative program with the
Massachusetts Institute of Technology.
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Idaho National Engineering Lab

Materials Technology Group $530,000
Idaho Falis, ID 83415 03-A
90-3

Intelligent Control of Thermal Processes
H. Smartt, J. Johnson

This project addresses intelligent control of thermal
processes as applied to materials processing.
Intelligent control is defined as the combined
application of process modeling, sensing, artificial
intelligence, and control theory to process control.
The intent of intelligent control is to produce a
good product without relying on post-process
inspection and statistical quality control
procedures. The gas metal arc welding process is
used as a model system; considerable
fundamental information on the process has been
developed at INEL and MIT during the past eight
years. Research is being conducted on an
extension of the fundamental process physics,
application of knowledge-based dynamic
controllers and signalimage processors, and
development of noncontact sensing techniques.
Tasks inciude analytical modeling of nonlinear
aspects of moiten metal droplet formation and
transfer; developing fundamental ties between
knowledge-based controllers (including arificial
neural networks and fuzzy logic based
connectionist systems) and classical and
advanced control methods; and advanced optical
and ultrasonic sensing, including the propagation
and interaction of ultrasound in metallic solid and
liquid media.

This project is part of a collaborative research
program with the Massachusetts Institute of
Technology.

Idaho National Engineering Lab

Nondestructive Mat’ls Charac Grp  $200,000

Idaho Falls, ID 83415-2209 03-B
90-3

Nondestructive Evaluation of

Superconductors

K. Telschow

This project is concermned with the development
and application of new nondestructive evaluation
(NDE) techniques and devices for the
characterization of high-temperature
superconducting materials. Microstructural and,

particularly, superconducting properties, need to
be measured non-invasively and spatially in order
to aid the fabrication process.

Past work has concentrated on developing a
noncontacting AC induced current measurement
technique that can determine critical currents on a
local scale with high resolution. This technique
can be used in conjunction with external applied
fields and DC transport currents to determine '
spatial variations in critical current dissipation. |ts
operation is based on inducing the critical state
and full field penetration into the sample directly
under the probe. With the aid of the "critical state”
model! for flux pinning, local critical current values
have been determined empirically without any
connections to the sample.

Current research is concentrated on silver
sheathed tape geometries and the development of
an analytic approach to predicting the critical state
in geometries utilizing non-uniform applied fields,
as are found in most NDE applications. An
integral equation has been found that can be
solved iteratively to determine the flux front profile
in the tape geometry. This approach shows
promise for application to other geometries
involving the critical state with demagnetization
effects.

University Of lllinois

Coordinated Science Laboratory $127,000
Urbana, IL 61801 03-A
91-3

Model Building, Control and Optimization of
Large Scale Systems
T. Basar, P. Kokotovic

This program involves fundamental research on
the modeling, control, and optimization of large
scale  ‘systems. The main theme is model
simplification for control and decision making. It
encompasses both linear and nonlinear models,
and deterministic and stochastic systems with
regular and/or singular perturbations. Research
issues addressed are in modelling, optimization,
stabilization and coordination, as well as in the
development of implementable control policies.
Their common goal is to broaden the applicability
of the concept of multimodeling as a systematic
approach to model simplification through
decomposition/aggregation of linear and nonlinear
large scale systems.
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One area of current research is the robustness of
a controller, designed based on a nominal linear or
nonlinear system, to unmodeled fast dynamics and
extemal norm-bounded disturbances. The issue
here is not only the robustness analysis of a given
controller, but also the design of optimally robust
controllers that are least sensitive to such
structural and external perturbations. Another
topic of study at the present is the relationship
between deterministic and stochastic formulations
for uncertain systems, from the point of view of
model simplification, and robustness to unmodeled
dynamics and nonlinear perturbations.

University Of lllinois

Dept of Chemical Engineering $232,000
Urbana, IL 61801 01-C
82-3

Gas-Liquid Flow in Pipelines
T. Hanratty

The long range goal of this research is to describe
the macroscopic behavior of gas-liquid flow
systems by developing a phenomenological
understanding of small scale interphase
interactions. The simplified systems of fully
developed flow in vertical and horizontal pipes are
being used. Specific goals are (1) to obtain
measurements of drop sizes in vertical annular
flow in order to provide an understanding of the
rate processes that govem entrainment, (2) to
study the role of gravity in causing an asymmetric
distribution of the liquid and of the flow field in
horizontal annular flow, (3) to use new results on
the formation of slugs to develop an understanding
of the frequency of appearance of slugs in
horizontal slug flow, and (4) to study the role of
waves in enhancing transport in stratified gas-
liquid flows.

Studies of droplet deposition in vertical annular
flows have revealed the surprising result that
deposition rates are independent of droplet
concentration at large enough concentrations.
This is being interpreted with direct photographic
measurements. A mapping of the gas phase
velocity shows the existence of secondary flows
both for horizontal stratified flow and for horizontal
annular flow. Of particular interest is the discovery
that spatial variations of drop concentration can
induce these flows.

University Of lllinois

Dept of Mechanical and $66,169
Industrial Engineering 01-A
Urbana, IL 61801 93-3

Stress Induced Phase Transformations
H. Sehitoglu

Understanding stress-induced phase
transformations is of paramount importance in
modeling the behavior of engineering materials
and components. From the material behavior
standpoint, transformations generate intemal
(micro) stresses which alter the constitutive
behavior, and from the component standpoint
transformation strains may result in dimensional
changes and alteration of macroscopic stress
fields. The transformation strains are strong
functions of the applied stress state since
favorably oriented planes transform in the course
of loading. Several unique experiments under
combined shear stress - hydrostatic pressure are
conducted on steels, containing retained austenite,
in order to measure and study anisotropic
transformation strains. Test specimens are
subjected to extemally applied pressures in excess
of 700 MPa. The compressive hydrostatic
stresses would increase the extrinsic ductility of
the material, and hence permit high magnitudes of
the stress-induced and strain-induced
transformations. Based on these experiments, the
work will set the background to evaluate the
theories proposed, and lay the foundation for new
ones with particular emphasis on complex
changes in transformation strains. The basic
information obtained from the work will generate
improved understanding of transformation under
contact loadings and transformation toughening
phenomenon in metallic and non-metallic
materials.

University Of lllinois At Chicago

Energy Resources Center $79,980
Chicago, IL 60680 01-B
93-1

Heat Transfer to Viscoelastic Fluids
J. Hartnett

Numerical studies of the steady laminar flow heat
transfer behavior of non-Newtonian fluids through
rectangular ducts have been carried out. The
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Reiner-Rivlin model which gives rise to secondary
flows in non-circular ducts is used to investigate
the influence of elasticity on the flow. Finite
difference methods are developed to obtain the
heat transfer results for the H2 thermal boundary
condition for difference combinations of heated
and adiabatic walls.

The influence of the second nommal stress
coefficient, the Reynolds number, the Peclet
Number, and the aspect ratio on the heat transfer
are considered. It is found that the secondary flow
has a relatively weak influence on the pressure
drop but the effect on heat transfer is increased by
a factor of 2 to 3 as compared to the case of a
purely viscous fluid. The predicted behavior of the
Nusselt number for the Reiner-Rivlin fluid is found
to be in good agreement with experimental results.

Johns Hopkins University

Mechanical Engineering Dept ' $149,980
Baltimore, MD 21218 01-C
. 92-3

Numerical and Physical Modeling of Two-
Phase Flow Phenomena at Large Reynolds
Numbers

A. Prosperetti

The ultimate purpose of this study is to develop
accurate averaged- equations models of disperse
multi-phase flows of engineering significance.
Analytical means are used to derive the form of
the equations and direct numerical simulations to
effect their closure at finite volume fractions.

A new method of phase averaging has been
developed and applied to rigid and compressible
spheres in potential flow and in Stokes flow.
Analytical results have been obtained in the dilute
limit and numerical ones for finite volume fractions.
The method is quite flexible and general and has
also been applied to the derivation of averaged
energy equations at small Peclet number and of
the particle stress tensor in potential flow.

In separate study, the viscous flow around two
slip-free spheres (a useful approximation for gas
bubbles) has been studied computationally to
evaluate the methods currently used to mode!
viscous effects at large Reynolds numbers.

A study has also been carried out of the accuracy
of the singularity ‘method for the direct numerical
simulation of the potential flow motion of many
particles in a liquid.

Current efforts center on the simulation of

suspensions of non-spherical particles in the
potential- and Stokes-flow limits.

Robert H. Kraichnan, Inc.

303 Potrillo Drive $66,440
Los Alamos, NM 87544 01-C
93-3

Turbulence Theory
R. Kraichnan

Turbulent fluid motion plays an essential role in
atmospheric and oceanic dynamics, in
aerodynamics, and in chemical and other industrial
processes. Turbulence is so complicated in detail
that apt statistical description is essential, and
there is strong motivation for new theoretical
approaches that extract essentials of the dynamics
in a compact fashion. The present project is
devoted to these objectives. One part of the work
has been collaboration in the design and
interpretation of unprecedented high-resolution
computer simulations of turbulence at Los Alamos
National Laboratory. This has led to some
clarification of the strongly- intermittent
very-small-scale structure of turbulence; the data
are consistent with some earlier theoretical
predictions. Another accomplishment with the
simulation data has been verification of
fundamental similarity hypotheses made years ago
by Kolmogorov and recently challenged. On the
theoretical side, work has continued on methods of
approximating turbulent flow-field statistics by
simple nonlinear transformation, or mapping, of
fields with known statistics (“mapping closure”).
Progress has been made thereby in understanding
some key probability distributions that have been
measured in turbulence simulations and in the
laboratory. An additional project, involving both
computational and theoretical work, has been the
study of Lagrangian turbulence statistics (statistics
measured while moving the flow).
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Lawrence Berkeley Laboratory

Accelerator & Fusion Res Div $132,000
University of California 06-C
Berkeley, CA 94720 90-3

Studies in Nonlinear Dynamics
A. Kaufman, R. Littlejohn

Our research concems the development of
methods of modem nonlinear dynamics with
applications to problems in physical and
engineering sciences. We have been especially
involved with Hamiltonian dynamical systems and
the application of differential geometric and
topological methods. A main area of application is
wave systems, in which we have taken a broad,
interdisciplinary perspective. Our interests have
included the propagation, spectra, mode
conversion, and tunnelling of waves. Major
divisions of the program are: (1) A study of the
properties of coupled wave systems, including
elastic'waves in solids, electromagnetic waves in
optical media or plasmas, nuclear wave functions

in molecular physics, and many others; (2) The
development of a new method for decoupling
coupled wave systems, including systematic
adiabatic perturbation schemes for this purpose;
(3) The development of asymptotic quantization
methods for coupled wave systems, i.e., the
detemination of normal mode frequencies and
eigenfunctions; (4) Investigation of differential

geometric and topological concepts such as

Bemry’s phase, gauge structures, and topological
singularities (such as monopole strings) which
generically occur in coupled wave systems; (5) A
systematic study of mode conversion (otherwise
called Landau-Zener transitions), in which we
apply bifurcation and catastrophe theory to
categorize the basic types of mode conversion
which can occur; (6) Investigations into coherence
and radiometry in optics; (7) The development of
theories of mode conversion applicable when
nonlinear effects are important; and (8) A study of
the non-Abelian gauge fields which occur in the
separation of rotational and intemal coordinates in
the n-body problem (with applications to celestial
mechanics, satellite control, and atomic, molecular,
and nuclear physics). ;

Lovelace Medical Foundation

Bioengineering Research $51,475
_Albuquerque, NM 87108 03-B
93-3

Two-Phase Flow Measurements by NMR
E. Fukushima, S. Altobelli, A. Caprihan

The objective of this grant is to apply NMR to
study how mixtures of different phases flow. The
concentration profile of one or both of the phases
undergoing flow as well as velocity profile and
other more esoteric quantities such as acceleration
and diffusion can be measured without interfering
with the flow. The non-invasive measurement of
such parameters is especially difficult for
concentrated mixtures that are opaque to the
standard measurement medium such as light and
sound waves but NMR works very well provided
we examine proton containing liquids, e.g., water
and oil, in nonmetallic containers.

Steady flows of concentrated suspensions in a
circular pipe, first with a constant cross-section
and then with a step expansion and contraction,
have now been studied. Because NMR imaging
is a fairly slow method, it is very important to

extend the NMR method to faster flows. As a
point of reference, velocity images have been
made in tens of minutes whereas the achievement
of similar results in fractions of seconds will be a
specific objective for the next few years.

University Of Maryland

Dept of Mechanical Engineering $70,896
College Park, MD 20742 01-D
93-3

Characterization of Metal Cutting Dynamics
B. Berger, |. Minis

The dynamics of metal cutting significantly affects
the quality of machined parts and the productivity
of the machining operation. Cutting instabilities
for large material removal rates result in
substantial annual losses of productivity, energy
and material. The goal of this research project is
to contribute towards efficient machine tools that
require minimum human intervention. This will be
accomplished through the intelligent control of the
cutting process.
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The first objective of this study is the verification of
the following three conclusions reached by the Pl’s
from the analysis of experimental measurements
of tool work piece relative acceleration: i) The
/dimensions of attractors associated with noisy

"tuming data can be successfully estimated with

existing algorithms; ii) Pre- and mild chatter are
characterized by attractors of low dimension; iii)
Qualitative properties of the dimension function
discriminate between steady and pre-chatter
cases.

The second objective is the determination of the
applicability of other measures of attractor
structure, and asymptotic behavior to the analysis
of cutting data.

The third objective is the use of dimension,
Lyapunov exponents and other measures of
dynamic behavior in characterizing pre-chatter
states thus providing a rule base for controlling the
cutting process.

Based on the pattems of change of the
fundamental descriptors of dynamical behavior, a
rule base will be developed to be used for chatter
avoidance. The rule base will be integrated into a
system to control speed and feedrate in response
to changes in the dynamic measures that signify
the imminence of chatter.

Currently computer programs for the computation
of the dimension function, D(y), Lyapunov
exponents, noise reduction, singular spectrum,
noise floor, and attractor construction with singular
vectors have been implemented. A machine tool
has been instrumented and verification testing is
under way.

University Of Maryland

Dept of Electrical Engineering $86,033
College Park, MD 20742 06-C
92-3

Mathematical Models of Hysteresis
I. Mayergoyz

This research is concemed with the development
of mathematical models of hysteresis. These
models are phenomenological in nature and, for
this reason, they can be applied to the description
of hysteresis regardless of its physical origin.

The main research objectives of the ongoing
research can be briefly summarized as follows:
further development of scalar and vector Preisach
type models of hysteresis (superposition models,
two-input models for magnetostrictive and
piezoelectric hysteresis and their tensor
extensions, feedback Preisach-type models),
development of Preisach-type models for viscosity
(aftereffect), application of Preisach-type models to
the description of superconducting hysteresis and
evaluation of hysteretic losses in hard
superconductors, software implementation of the
Preisach hysteresis models, extensive
experimental testing and verification of hysteresis
models, investigation of penetration of
electromagnetic fields into nonlinear hysteretic
media. It is hoped that, as a result of this
research, the Preisach-type models of hysteresis
will emerge as a useful and indispensable tool in
engineering research and design problems.

University Of Maryland

Electrical Engineering Department  $83,537
Baltimore, MD 21228 03-B
- 92-3

Pulse Propagation in Inhomogeneous
Optical Waveguides
C. Menyuk

We are presently working on three separate
projects. First, we are studying randomly varying
birefringence in optical fibers and its impact on
both soliton and NRX communication systems. To
do that, we are carrying out Monte Caro
simulations of large numbers of fibers. We have
already demonstrated that optimal results are
obtained for both types of communication system
if one operates with the smallest possible amount
of randomly varying birefringence and if the scale
length for the birefringence fluctuations are on the
same scale as the beat length. Second, we are
studying passively modelocked fiber laser systems
such as the figure-8 laser. These lasers are of
potential importance as sources in future, very
high bit rate communication and switching
systems. Our approach, which is based on using
computers to carry out a stability analysis of the
laser's operation, is new in this field. Previous
studies relied on either complete, ab /nitio
simulations or on purely analytical theories. Our
approach allows us to accurately explore large
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regions of parameter space and optimize the
laser's operating conditions. Third, we are
studying solid state devices. In the last year, we
have been exploring the advantages of using
Richardson extrapolation to stabilize several well-
known schemes, and we have found that it is very
beneficial. In the future, we intend to apply this
approach to the study of quasi-phase-matched
second hamonic generation which is of
importance in obtaining sources which can write
higher capacity compact disks.

University Of Maryland

Dept of Mechanical Engineering $75,000
& Systems Research inst 03-C
College Park, MD 20742 92-3

The Mechanics of Redundantly Driven
Robotic Systems
L. Tsai

Gear backlash introduces rattling and position
uncertainty in robotic systems. To overcome
these difficulties, an innovative concept utilizing
redundant drives to ensure positive coupling of
gear meshes has been conceived. The objective
of this research is to gain further understanding of
the mechanics associated with such manipulating
systems. Such systems can also be found in
tendon-driven manipulators, wherein the redundant
drives are used to maintain positive tension in
tendons.

Force transmission characteristics associated with
n-DOF manipulators controlled by n+l actuators
has been investigated. It is shown that actuator
torques required to act against extemally applied
forces are functions of the structure matrix, its null
vector, and the Jacobian matrix. Design equations
for synthesizing a manipulator to possess isotropic
transmission characteristics have been derived.
The theory wili be extended to n-DOF
manipulators controlled by more than n+l
actuators.

A two-DOF wrist with three unidirectional drives
has been designed to illustrate the principle.
Actuators and gears are carefully sized to achieve
the isotropic transmission characteristics.
Driveline flexibility is included in the model as a
primary concem. To make sure that backlash has
been eliminated, reaction forces in the meshing

gears are carefully monitored. Preliminary
simulation results indicate that driveline flexibility
does have significant effects on the system
stability. Backlash can be out of control, if the
controller is not propenly designed.

University Of Maryland

Dept of Mechanical Engineering $132,000
College Park, MD 20742 01-C
91-3

Lagrangian Analysis of Contaminant
Dispersal in Bounded Turbulent Shear Flows
J. Wallace, P. Bernard, J. Balint

The objective of this project is to study the
physical processes associated with turbulent
scalar transport in shear flows with a view towards
developing novel techniques for predicting
contaminant dispersal in the environment. A
closely coordinated experimental and theoretical -
research program is followed combining wind
tunnel experiments using hot- and cold-wire -
probes, smoke visualizations and image
processing, with numerical simulations.
Temperature and concentration contours of point
and line source diffusion in the boundary layer
obtained from visualization data and from a
numerical simulation of channel flow are being
compared in order to verify the accuracy of the
two techniques. A Lagrangian decomposition of
the scalar transport correlation into fundamental
physical processes is being carried out using
ensembles of particle paths computed in the
simulation of turbulent channel flow. This provides
insight into the physical mechanisms undetrying
transport and how they may be modeled.

Images from the boundary layer flow visualization,
at R;=1070, of the line source of smoke have been
digitized and analyzed. it has been determined
that there is a strong correlation between the
momentum and mass fluxes and the vortical
structures of the boundary layer wall region. In
addition, temperature measurements have been
camied out for comparison to the numercal
simulation. Turbulent plumes emanating from line
sources have been computed using a direct
numerical simulation of channel flows. The mean
scalar field and higher order statistics have been
compared with the physical experiments as well as
a series of computations we have performed using
turbulent closures and random flight models.
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University Of Massachusetts

Chemical Engineering Department $0
Goessmann Laboratory 03-A
Ambherst, MA 01003-0011 90-3

A General Procedure for the Synthesis of
Process Flowsheets
J. Douglas, M. Malone

The goal of this project is to develop systematic
procedures for the synthesis of processes for
chemical manufacturing. The current aims are to
develop general procedures for separation
systems and multiproduct batch processes.

Douglas (AIChE J, 31, 353, 1985) developed a
hierarchical procedure for continuous,
single-product processes containing vapor-liquid
mixtures. However, mixtures of vapors, organic
liquids, aqueous liquids, and solids are common;
fortunately, the material flows entering and leaving
the process, the reactor, and the separation
systems can be determined with minor extensions
of the original procedure. The new procedure
isolates vapors using a flash, removes solids in a
filter or centrifuge, and separates the organic from
aqueous liquids in a decanter. New synthesis
methods have been.developed for the solid and
liquid recovery systems. The complete procedure
appears to describe most flowsheets that appear
in the literature as well as many new altematives.

Multiproduct batch processes are treated by
optimization of costs for raw materials, energy,
late production, eary production, and investment.

Simulated annealing has proven effective for
(approximate) optimizations in the scheduling,
design, retrofit, lot-sizing and parts of the process
synthesis, for processes producing hundreds of
products in dozens of units.
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University Of Massachusetts-

Lowell

Department of Electrical Engineering $61,753

Lowell, MA 01854 01-C
91-3

Stabllity and Heat Transfer in Time-Modulated

Flows

C. Thompson

This project represents a analytical/experimental
effort directed toward understanding the processes
generating boundary layer instabilities in time-
modulated flows. In paricular temporal
modulations of the basic state by harmonic and
free-stream vorticity is considered. The objectives
of this work are to: develop an analytical model for
development of instability, describe the growth and
propagation of unstable disturbances occurring in
the viscous region, investigate the stabilizing
influence of steady-flow, examine global and local
instability resulting from modulation of the free-
stream near points of mean-flow stagnation, and
categorize results suggestive of possible
mechanisms for heat transfer.

it has been shown that for increasing modulation
amplitude of a two dimensional oscillatory flow
undergoes a subcritical transition from the 2- D
Stokes boundary layer to a state where
streamwise oriented vortices appear. The
temporal growth of these streamwise vortices is
the result of the imbalance between the centrifugal
force and the pressure. The most unstable axial
position along the channel corresponds to the
location where the convex wall curvature is
maximum. For a fixed value of the wall curvature,
instability ensues above the critical value of the
Taylor number. The most unstable of these
wavenumbers or primary mode persists through
amplitude saturation and chaos. It has been found
that this mode undergoes successive period-
doubling temporal bifurcations to chaotic motion.
However, if subharmonic spatial wavenumbers are
initially present in the distubance spatial
bifurcation can also occur.
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Massachusetts Institute Of
Technology

The Energy Laboratory $122,300
Cambridge, MA 02139 03-B
91-3

Metal Transfer in Gas Metal Arc Welding
T. Eagar, J. Lang

The objective of this project is to find new control
methods to improve metal transfer in gas metal
arc welding -- a widely used manutacturing
process. A lumped-parameter mathematical
model of the system is being developed with the
goals of being suitable for real-time control system
design, yielding additional physical understanding,
and being readily usable by researchers and
engineers.

A novel gas metal arc welding experiment, which
modifies the fundamental way metal is transferred
in the welding process, has been designed and
constructed. The experiment uses mechanical
energy as a new control input to the welding
process. The metal electrode is vibrated axially
during welding at the desired frequency of drop
detachment in order to force the detachment of
metal drops. The experiment is being used to
explore new modes of metal transfer and for
testing algorithms for detecting and controlling
these modes.

The mathematical model being developed
captures the instantaneous dynamics of drop
detachment. Hitherto, dynamic electrode melting
models have only sought to capture the average of
the process. The model being developed in this
project captures the instantaneous geometric
evolution of drops melting on the end of an axially
moving electrode. This model also has potential
uses for droplet systems other than welding.

Massachusetts Institute Of
Technology

Energy Laboratory $105,000
Cambridge, MA 02139 03-A
91-3

Synthesis and Optimization of Integrated
Chemical Processes’
L. Evans, P. Barton

The goal of this research program is to develop
new systematic methods for the synthesis and

optimization of chemical processes. As the
chemical industry is one of the largest consumers
of energy in the US, it is important to find efficient
and creative computer-aided design strategies for
developing new manufacturing processes, and
retrofitting existing plants.

The general philosophy of this research is to
develop, in an university snvironment, innovative
generic methodologies for solving problems of
industrial importance. -These methods are then
demonstrated by using prototype software to solve
problems typical of those encountered in industry.

Research is currently considering two topics. A

- long term program that focuses on - synthesis

techniques for achieving increased energy
efficiency through better heat and work integration
is culminating with an investigation of the
simultaneous synthesis and optimization of the
chemical process, its heat exchange network, and
the utility system. Secondly, a new initiative is
addressing the need for process desigh and
optimization technologies for
batch/semi-continuous processes. Such processes
are of increasing industral importance for the
manufacture of high-value added specialty
products and phamaceuticals, which have
relatively short product life cycles. Research is
therefore focusing on the development of
computer-aided design tools for rapid and efficient
process development.

Massachusetts Institute Of
Technology

Lab for Manufacturing & Product $158,000
Cambridge, MA 02139 03-B
91-3

Multivariable Control Of The Gas-Metal Arc
Woelding Process
D. Hardt

In previous work, a basic approach to the problem
of control of welding processes using multivariable
adaptive control theory was established and a set
of non-stationary process transfer functions for
both the thermal and geometric aspects of the
process, capturing the non-linear dynamics and
statics, were developed. In addition, depth
estimators based on real-time inverse heat transfer
solutions and surface temperature measurements
have been developed.
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However, it has become increasingly apparent
through the modeling and experiments, that the
process has insufficient latitude to respond to
realistic disturbances in a multivariable fashion. In
particular, the heat and mass transfer processes
involved are far too coupled to allow independent
regulation of weld geometry or thermal properties.
Accordingly, process modifications to enhance the
"reachability” of the process, including transverse
and longitudinal high frequency weaving of the

heat source to vary the input heat distribution, are.

being developed.

In current work, this problem of three-dimensional
heat distribution control is being generalized using
both a distributed parameter control theory and a
novel heat source design. While many simplistic
inverse heat transfer and distributed parameter
control research efforts have been repotted, none
deal with the problem in the face of variable
geometries and high degrees of model uncertainty.
Efforts in this area are focused on just such
uncertainties and on realistic geometries.

Finally, a new welding process that seeks to
decouple heat and mass transfer by using a
stream of superheated filler material to both heat
and fill the joint has been developed. This “stream
welding" process relies upon very precise control
of the temperature and flow rate of the metal
stream. This control is achieved by a novel
continuous-flow arc furnace that has a small
thermal mass, thereby allowing rapid temperature
changes in the filler material. Preliminary tests
with this apparatus are now underway.

Massachusetts Institute Of
- Technology

National Magnet Laboratory $91,000
Cambridge, MA 02139 01-D
93-2

Cryotribology (Low Temperature Friction and
Wear) Development of Cryotribological
Theories and Application to Cryogenic
De